We aimed to compare the ability of preoperative estimated glomerular filtration rate (eGFR), calculated using five different equations, to predict adverse renal outcomes after cardiovascular surgery. Cohorts of 4,125 adult patients undergoing elective cardiovascular surgery were evaluated. 
Results
Of the 4,810 patients who underwent cardiovascular surgery within the study period, 685 were excluded, and 4,125 were included in this analysis (Fig. 1) . Table 1 shows the baseline and perioperative characteristics of the study population. Their mean age was 60.6 ± 12.4 years; 60.2% were male; and their mean preoperative sCr level was 0.9 ± 0.5 mg/dl. Of these 4,125 patients, 1,256 (30.4%) developed acute kidney injury (AKI) after cardiovascular surgery, including 417 (10.1%) who developed KDIGO stage ≥2 and 219 (5.3%) who required renal replacement therapy.
The correlation and Bland-Altman analyses between 4 equations and the CKD-EPI equation as the reference are shown in Supplementary Fig. S1 . The correlation analyses showed a significant and strong correlation between 4 equations and the CKD-EPI equation, especially at a low eGFR. Bland-Altman analyses also showed a relatively good agreement between the values of the 4 equations and the value of the CKD-EPI equation only when the eGFR was low. However, the higher the eGFR value, the larger the difference between the 4 equations and the CKD-EPI equation. Also, except for the Mayo equation, when the eGFR values derived from the other 3 equations were high, the eGFR values obtained from the CKD-EPI equation were systematically lower. The intra-class correlation coefficient (ICCs) and weighted kappa statistics for 5 equations are shown in Supplementary Table S1 . The ICCs ranged from 0.68 (MDRD II vs. Mayo) to 0.98 (MDRD II vs. re-expressed MDRD II). When the patients were classified into five categories or two categories, the best agreement was shown between the MDRD II and CKD-EPI equation (weighted kappa = 0.92 and 0.93, respectively) and the worst between the CG and Mayo equation (weighted kappa = 0.75 and 0.51, respectively).
The distribution of patients into categories based on eGFRs calculated using the five equations is shown in Fig. 2 . The CG equation yielded the lowest mean value (79.6 ± 25.5 ml/min/1.73 m 2 ) and MDRD II yielded the highest value (88.1 ± 26.7 ml/min/1.73 m 2 ). The percentage of patients with preoperative eGFR <60 ml/min/1.73 m 2 differed significantly when eGFR was calculated using the CG (21.3%), MDRD II (11.8%), re-expressed MDRD II (15.2%), CKD-EPI (13.0%), and Mayo (8.8%) equations (P < 0.001). Compared with the CKD-EPI equation, the CG equation reclassified a higher proportion of patients as having worse renal function and the Mayo equation reclassified a higher proportion of patients as having better renal function ( Supplementary Fig. S2 ).
The incidence of AKI and KDIGO stage ≥2 decreased from the lower to higher eGFR categories calculated by all five equations ( Supplementary Fig. S3 ). Multivariable analyses showed that lower eGFR, calculated according to each equation, was significantly associated with an increased risk of AKI after cardiovascular surgery. As shown by the adjusted area under the curve (AUC) with 95% confidence interval (CI), eGFR calculated according to all five equations was an effective predictor of postoperative AKI, albeit modest predictive ability of the equations (Table 2) . When the AUCs of the equations were compared, the Mayo equation was the most accurate. Net reclassification improvement (NRI) and integrated discrimination improvement (IDI) also showed that the Mayo equation was the most accurate in predicting postoperative AKI (Table 3) . In KDIGO stage ≥2 and additional adjustment, similar results were obtained with all equations (Supplementary Tables S2 and S3 ). However, in KDIGO stage ≥2, the AUC differences between each equation, except for the MDRD II and re-expressed MDRD II equations, were not statistically significant. www.nature.com/scientificreports www.nature.com/scientificreports/ Comparisons of patients with eGFR ≥60 ml/min/1.73 m 2 and eGFR <60 ml/min/1.73 m 2 , calculated according to all five equations, showed that the latter group had longer stays in the intensive care unit and in the hospital; and higher rates of postoperative AKI, severe AKI, renal replacement therapy, and in-hospital mortality (Table 4) . Creatinine (mg/dl) 0 0.9 ± 0.5 1.0 ± 0.5 0.9 ± 0.5 <0.001
Bilirubin, total (mg/dl) 1 0.8 ± 0.5 0.9 ± 0.6 0.7 ± 0.4 <0.001
Uric acid (mg/dl) 2 5. 
Discussion
This retrospective observational study yielded three main findings. First, despite the relatively good correlation and agreement between eGFRs calculated using all five equations, the proportion of patients classified into different renal function groups varied considerably. Second, although preoperative eGFR calculated using all five equations was a fairly good predictor of AKI after cardiovascular surgery, eGFR calculated using the Mayo equation had the highest accuracy in predicting postoperative AKI. Third, patients who showed alterations from eGFR <60 ml/min/1.73 m 2 to eGFR ≥60 ml/min/1.73 m 2 , or vice versa, depending on the equations used to calculate eGFR, showed better outcomes than patients with eGFR <60 ml/min/1.73 m 2 , but poorer outcomes than patients with eGFR ≥60 ml/min/1.73 m 2 , according to all five equations. In contrast to previous studies assessing the effect of preoperative eGFR on postoperative outcomes using just one or two equations 1, 2, 17 , this study evaluated and compared five equations for calculating eGFR. Although all five equations showed that poorer preoperative renal function tended to increase the risk of postoperative AKI, these equations yielded significant variability in eGFR values. Moreover, the choice of equation affected the 15 . These equation-dependent differences in the prevalence of eGFR <60 ml/min/1.73 m 2 may be due to differences in the coefficients and variables included in these equations or differences in study populations. Indeed, the CG equation was developed in a population of male Caucasians with slightly impaired renal function for prediction of creatinine clearance 5 . Because this equation incorporated glomerular and tubular creatinine clearance and its numerator includes weight and 140-age, it may overestimate GFR in younger healthy patients and underestimate GFR in older patients and those with lower body weight 21, 22 . Thus, our finding that mean eGFR was lowest and the prevalence of eGFR <60 ml/min/1.73 m 2 was highest when calculated using the CG equation may be attributed to the relatively older age and lower body mass index of this patient population. However, because underlying GFR was not directly measured by any reference method in this study, the best equation for estimating actual GFR cannot be determined from our results.
It is well established that preoperative renal dysfunction defined as eGFR < 60 ml/min/1.73 m 2 is linked to both short-and long-term prognosis after surgery 2, 3 . However, as shown in our study, the eGFR of the same patient differed significantly depending on the equation employed, indicating a potential for incorrect diagnoses and therapy. For example, it is impossible to diagnose a patient with pre-operative renal dysfunction if eGFR calculated by the re-expressed MDRD II equation is <60 ml/min/1.73 m 2 and eGFR calculated by the CKD-EPI equation is ≥60 ml/min/1.73 m 2 . Thus, if two different equations with the same sCr concentration yield different eGFR values (i.e., ≥60 ml/min/1.73 m 2 from one equation and <60 ml/min/1.73 m 2 from the other equation), it may be necessary to check GFR directly using any reference method. On the other hand, if this criterion is incorporated into preoperative assessments, this group of patients would be identified as being at increased risk of poor www.nature.com/scientificreports www.nature.com/scientificreports/ postoperative outcomes. Indeed, our results indicated that patients with discordant eGFR, as calculated by these equations, showed poorer outcomes than patients with eGFR ≥60 ml/min/1.73 m 2 calculated by all five equations. Thus, our finding suggests that estimating GFR using two or more equations may help in the risk stratification of surgical patients, with patients having equation-dependent preoperative eGFR ≥60 ml/min/1.73 m 2 or <60 ml/ min/1.73 m 2 requiring closer monitoring and more intensive care during the perioperative period to improve outcomes. Although this will requires validation in a larger study population, it may be clinically meaningful, as this finding is in line with those of previous studies showing that patient whose eGFR estimated as ≥60 ml/ min/1.73 m 2 using one equation shifted to <60 ml/min/1.73 m 2 using another equation had mortality rates that were intermediate between those with eGFR <60 ml/min/1.73 m 2 and those with eGFR ≥60 ml/min/1.73 m 2 , according to all five equations in a broad spectrum of acute coronary syndrome patients 15 .
The KDIGO clinical practice guidelines recommend using the CKD-EPI equation, based on sCr concentration, for the detection, determination of severity, and treatment of kidney disease 10 . However, it is still unclear whether it is the best equation for predicting prognosis. Indeed, although several studies compared the ability of eGFR equations to predict prognosis in patients with various medical conditions, including heart failure and acute coronary syndrome, the results varied [11] [12] [13] [14] [15] [16] 18 . For example, a meta-analysis comparing the risk implications of the CKD-EPI and MDRD equations in 1,130,472 adults from 25 general populations found that the CKD-EPI equation more accurately classified risks of mortality and end-stage renal disease 18 . However, studies comparing eGFR equations in patients with heart failure and acute coronary syndrome found that the CG equation was better able to predict the risks of mortality and bleeding complications 12, 13, 16 . Additionally, a recent study comparing the CG, MDRD, CKD-EPI, Mayo, and inulin clearance-based eGFR equations in 8,726 patients with acute coronary syndrome found that the Mayo equation was better at predicting mortality than the other four equations 15 . In our study, the Mayo equation was more accurate in predicting postoperative AKI than other four equations. It is not clear why Mayo equation, the rarely used equation nowadays, was slightly more accurate in predicting postoperative AKI than other equations. A possible explanation for the better predictive value of Mayo equation over other equations is that it tends to show relatively better eGFR values during reclassification. Methodologically, both NRI and IDI showed better predictability when calculating higher eGFR value in patients without AKI and when calculating lower eGFR values in patients with AKI. In this study cohort, the overall incidence of AKI was approximately 30%, and the values calculated were higher for patients without than with AKI, suggesting that the Mayo equation showed good predictive power. Another potential explanation is that differences in the population that is evaluated may contribute to which equation is better as a predictor. The MDRD equation was developed in patients with chronic kidney disease which may systematically underestimate GFR at higher values 7, 9 . By contrast, the CKD-EPI and Mayo equations were developed in patients with normal renal function and chronic kidney disease resulting in better estimations of GFR in populations with preserved renal function or nonsignificant renal dysfunction 8, 9, 23 . Given that the majority of our cohorts had a high pre-operative eGFR in all five equations, the poorer predictive ability of the MDRD equation and the better predictive ability of the CKD-EPI and Mayo equations could be partly explained.
eGFR is a cheap, practical, and fairly reliable method to evaluate renal function in clinical practice 4 . Our results suggest that preoperative eGFR may serve not only to assess renal function, but also to estimate the risk of postoperative AKI. Indeed, regardless of how it is calculated, preoperative eGFR <60 ml/min/1.73 m 2 is an important predictor of postoperative AKI. Thus, our results suggest that preoperative assessment of renal function using eGFR in patients undergoing cardiovascular surgery may be needed to identify those at high risk of AKI. Additionally, in order to improve short-and long-term outcomes, renal protective strategies such as discontinuation of nephrotoxic agents or prevention of major hemodynamic events should be implemented early in patients with preoperative eGFR <60 ml/min/1.73 m 2 . This study has several limitations. First, because of the retrospective and observational nature of this study, despite including many variables in our analyses, other hidden or unknown factors including fluid therapy or hemodynamics during perioperative period may have influenced our results 24, 25 . Second, we did not assess outcomes other than AKI after cardiovascular surgery. Thus, we cannot exclude the possibility that differences in outcomes may have contributed to the predictive ability of the eGFR equations. In fact, the Mayo equation was not superior to the CG and CKD-EPI equations for severe form of AKI (KDIGO stage ≥2) prediction in this cohort. Third, this study did not include data on directly measured GFR values using gold standard methods or on markers of kidney damage, including albuminuria, thus precluding a definitive conclusion about the association between actual preoperative renal function and postoperative AKI. In addition, this study assessed the ability of calculated eGFRs to predict postoperative AKI, not their accuracy in determining GFR. Therefore, although the Mayo equation was most accurate in predicting postoperative AKI, this does not mean that it should be used to replace other equations to estimate renal function. Indeed, the Mayo equation has several drawbacks, such as difficulty in establishing its extensive generalization and use, as it was derived from relatively few patients, and has shown conflicting results in patients with diabetes 8, 23, [26] [27] [28] . Moreover, this equation has not been evaluated in Asian populations. Indeed, in daily clinical practice, the CKD-EPI and CG equations, rather than the Mayo equation, are most commonly used to calculate eGFR or creatinine clearance. Thus, despite the fact that the Mayo equation was slightly more accurate in terms of predicting the risk of postoperative AKI in patients undergoing cardiovascular surgery, it should be emphasized that our results do not imply that the Mayo equation should be used for GFR estimation and that this equation is not recommended by updated guidelines. Finally, this was a single centre study conducted almost exclusively in East Asian patients. Because all five equations tested in this study can be influenced by race and ethnicity, care should be taken when generalizing these results to centres with different patient profiles.
In conclusion, preoperatively decreased eGFR, as determined using all five equations, was an independent predictor of postoperative AKI in patients undergoing cardiovascular surgery. Although the differences in predictive ability between equations were very small, the Mayo equation was slightly more accurate than the other equations in predicting AKI after cardiovascular surgery.
www.nature.com/scientificreports www.nature.com/scientificreports/ Methods Study design and subjects. This retrospective cohort included all patients aged ≥20 years who underwent elective cardiovascular surgery at Asan Medical Centre, a tertiary hospital in Seoul, South Korea, between January 2010 and July 2015. Clinical information, including demographic data, comorbidities, laboratory data, medication use, perioperative management, and morbidity and mortality, was acquired from the Cardiovascular Surgery and Anaesthesia Database of Asan Medical Centre and from a retrospective review of its computerized patient record system (Asan Medical Centre Information System Electronic Medical Record) 29 . Patients lacking information on preoperative sCr concentration; those who underwent preoperative dialysis, endovascular aortic repair surgery, or preoperative implantation of an intra-aortic balloon pump or ventricular assist device support; and patients with a history of organ transplantation or nephrectomy were excluded. This study was performed in agreement with the Strengthening the Reporting of Observational Studies in Epidemiology guidelines 30 , and was approved by the Institutional Review Board of Asan Medical Centre (AMC IRB 2017-0336), which waived the requirement for informed consent.
Calculation of eGFR to assess renal function. eGFR was calculated using five different equations, based on a single preoperative determination of sCr concentration, measured closest to the time of surgery (but within 30 days of surgery), using the kinetic Jaffe method (Cobas ® 8000 modular analyser series; Roche Diagnostics GmbH, Vienna, Austria). The five equations used to calculate eGFR were as follows: End points. The primary study outcome was the incidence of postoperative AKI, defined by KDIGO criteria as a ≥0.3 mg/dl increase in sCr concentration within 48 h of surgery or a ≥1.5-fold increase in sCr from baseline within 7 days of surgery 32 . Patients who met the KDIGO criteria were classified as "AKI", whereas those who did not were classified as "no AKI". Patients with AKI were staged according to the maximum KDIGO criteria, with stage 1 defined as sCr increases of ≥0.3 mg/dl or ≥1.5 times baseline; stage 2 as sCr increases 2.0-2.9 times baseline; and stage 3 as sCr increases ≥3.0 times baseline or ≥4.0 mg/dl, or the initiation of renal replacement therapy. AKI was evaluated based on the highest sCr concentration measured within 7 days after surgery. AKI was not diagnosed based on urine output due to incomplete recording and the effects of administered diuretics. Secondary outcomes included the incidence of KDIGO stage ≥2 after surgery.
Statistical analysis.
All data manipulations and statistical analyses were performed using R version 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria) and IBM SPSS Statistics 21.0 (IBM Corp., Armonk, NY, USA). The sample size corresponded to all patients included in the study, with no a priori power analysis conducted. Categorical variables were expressed as numbers and percentages, and continuous variables were expressed as mean ± standard deviation or median and interquartile range.
Correlations between eGFR calculated using the CKD-EPI equation and the four other equations were assessed by Pearson correlation analyses. To assess the agreement between the values of each equation, Bland-Altman analyses and ICCs was used for continuous variables and weighted kappa statistic with squared weights was used for categorical variables.
Multivariable logistic regression analyses were performed to evaluate the independent associations between the preoperative eGFR and postoperative renal outcomes. All predictive preoperative clinical and surgical variables in Table 1 were assessed independently, and variables with a P value <0.05 in univariate analyses were included in the multivariable analyses. Adjusted odds ratio and 95% CI for the logistic regression were calculated. The Hosmer and Lemeshow goodness-of-fit test was used to measure calibration, or the ability of the model to make unbiased estimates of outcome. For sensitivity analysis, the effects of additional adjustment for potential confounding variables of known risk factors for AKI were also explored.
Receiver operating characteristic analyses were performed, and the results were presented as adjusted AUCs with 95% CIs, to evaluate the discriminatory ability and the ability of preoperative eGFR, calculated using the five equations, to predict postoperative renal outcomes. The AUCs of the models were compared as described 33 . The continuous NRI was determined to assess the ability of the different equations to improve risk prediction of postoperative renal outcomes. The IDI for each eGFR was also calculated. The IDI evaluates the difference between the integrated sensitivity gain and the integrated specificity loss due to the addition of eGFR to the prognostic model.
All reported P values were two-sided, and P values < 0.05 were considered statistically significant.
